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Abstract. The martensite-to-austenite transformation in X4CrNiMo16-5-1 
supermartensitic stainless steel was followed in-situ during isochronal heating at 2, 6 
and 18 K.min
-1
 applying energy-dispersive synchrotron X-ray diffraction at the 
BESSY II facility. Austenitization occurred in two stages, separated by a temperature 
region in which the transformation was strongly decelerated. The region of limited 
transformation was more concise and occurred at higher austenite phase fractions 
and temperatures for higher heating rates. The two-step kinetics was reproduced by 
kinetics modeling in DICTRA. The model indicates that the austenitization kinetics is 
governed by Ni-diffusion and that slow transformation kinetics separating the two 
stages is caused by soft impingement in the martensite phase. Increasing the lath 
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width in the kinetics model had a similar effect on the austenitization kinetics as 
increasing the heating-rate. 
Keywords: supermartensitic stainless steels; phase transformation kinetics; 
interface diffusion; synchrotron radiation; kinetics modeling; reversed austenite 
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1. Introduction 
Supermartensitic stainless steels are low carbon lath martensitic steels based on the 
Fe-Cr-Ni system [1,2]. This class of steels has gained popularity in the oil and gas 
sector as a low cost alternative to highly alloyed duplex stainless steels in pipeline 
applications [3]. 
The excellent strength and toughness properties are obtained through inter-critical 
annealing (tempering below A3 temperature) to promote the formation of lamellar 
reversed austenite on high- and low-angle boundaries of lath martensite [4–7]. The 
annealing leads to an effective decrease of the average grain size and to a “composite 
structure” of hard tempered martensite and soft austenite. During plastic deformation, 
such a structure hinders dislocation movement over long distances. Reversed 
austenite was furthermore reported to strengthen the material during plastic 
deformation by transformation induced plasticity (TRIP) [8–11]. 
The formation of lamellar austenite was reported to be promoted by the 
establishment of an energetically favorable phase-interface (Kurdjumov-Sachs [12–
15]), and might be affected by residual stress of the martensite transformation and 
grain-boundary segregation [16]. Partitioning of Ni is a well-documented mechanism 
of stabilizing reversed austenite to room temperature  [8,17–20]. Furthermore, the 
internal substructure of austenite [8] and the size and shape distributions of the 
austenite regions [10], were suggested to affect thermal stability. With increasing 
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annealing temperature, the austenite was reported to approach a coarser, spherodized 
morphology, which decreases the phase stability upon cooling [10]. 
Studies on isochronal heating of different steel alloys have shown that 
austenitization can occur in multiple stages [21–27]. In all these cases two-stage 
austenitization was found to be based on a given or evolving inhomogeneous 
microstructure during heating, which gave rise to locally varying driving forces for 
austenite formation, dissolution of phases and related diffusion or shear processes.  
Bojack et al. showed in a comprehensive in-situ study that also 13Cr6Ni2Mo 
supermartensitic stainless steel exhibits two distinct stages of austenite formation 
during isochronal heating [23]. In a later study the two-stage austenitization kinetics 
was analyzed with a Kissinger-like method applying a range of heating rates [22]. It 
was suggested that the two-step kinetics was a result of solute redistribution during 
the growth of austenite. The first stage was assumed to be mainly caused by 
partitioning of Ni and Mn and the second stage by dissolution of carbides and 
increased diffusivity of Ni and Mn. Two-stage austenitization kinetics was also 
observed for austenitization of X4CrNiMo16-5-1 (EN 1.4418) supermartensitic 
stainless steel by dilatometry and in-situ synchrotron X-ray diffraction [28].  
The kinetics of the two transformation stages in both investigated supermartensitic 
stainless steels depended on heating rate, thus it appears as if they are governed by a 
thermally activated process [18]. From the listed investigations on the multi-stage 
austenitization kinetics in different steel alloys, all thermally activated 
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transformations were identified as diffusion controlled. Therefore it appears as if the 
responsible mechanisms for two stage austenitization can be identified from kinetics 
modeling of the diffusion process.  
As part of a physics-based modeling framework Galindo-Nava et al. modelled 
diffusion controlled reversion of austenite from lath martensite during isothermal 
holding based on transformation of a single lath [29]. The model describes the grain 
boundary kinetics dependent on the geometrical constraints of the lath, the 
equilibrium phase fraction of austenite and an effective diffusivity parameter. The 
model successfully predicted the austenite phase fraction during isothermal annealing 
in a range of alloys, but does not take multicomponent diffusion into account. Thus 
the well-documented solute partitioning during austenite reversion [8,17–20], which 
according to Bojack et al. is responsible for the two-step kinetics [22], is not reflected 
in such a model.  
Esin et al. modelled two stage austenitization from cementite and ferrite in a low-
alloy steel using the kinetics model for diffusion controlled transformations DICTRA 
[21]. In this study the two stage austenitization was shown to depend on the 
redistribution of carbon from the inhomogeneous initial microstructure of cementine 
and ferrite. The kinetics model DICTRA is suited to simulate diffusion controlled 
transformations in multi-component systems by numerically solving the multi-
component diffusion equation, and thus appears ideal for the analysis of 
austenitization of supermartensitic stainless steel in two stages. Therefore, in the 
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present work, the martensite-to-austenite transformation in a X4CrNiMo16-5-1 was 
followed in-situ with energy-dispersive synchrotron X-ray diffraction and analyzed 
with kinetics modeling in DICTRA.  
2. Experimental procedure 
2.1 Material and heat treatments 
Samples were machined from a Ø10 mm rod EN 1.4418 steel grade in as-extruded 
condition. The composition of the alloy is given in Table 1. The samples for energy 
dispersive synchrotron X-ray diffraction (XRD) were ground to Ø10 mm x 0.15 mm 
discs and subsequently electro-polished for 30 s at 25 V with Struers A2 electrolyte 
to reduce the strain-affected layer in the surface. Prior to investigation, samples were 
normalized at 950 °C for 10 min in an Ar flow. The average heating and cooling rate 
were 45 and 70 K.min
-1
, respectively. 
The sample for characterization by Transmission Kikuchi Diffraction, was 
prepared from a dilatometry specimen, for which isochronal heating with 15 K.min
-1
 
was interrupted at 650 °C. The sample was a thin foil which was thinned by 
electrolytic twin-jet polishing in 10 % perchloric acid dissolved in ethanol at -20 °C. 
2.2 Energy dispersive synchrotron X-ray diffraction 
The investigation was carried out at the EDDI-beamline at the synchrotron facility 
HZB-BESSY II [30]. It consisted of a series of isochronal heating tests at applied 
heating rates 2, 6 and 18 K.min
-1
 within the temperature interval 25 - 920 °C. 
Specimens were mounted on an Anton Paar DHS 1100 Domed Hot Stage and 
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investigated under continuous Ar flow. The temperature was measured with a 
thermocouple attached to the heating stage. The experiments were conducted in a 
symmetric diffraction geometry with a constant scattering angle 2θ = 14° and a 2 x 
0.5 mm primary slit configuration. In energy-dispersive X-ray diffraction all 
reflections are acquired simultaneously, which enables accurate quantitative phase 
analysis over temperature. Diffraction peaks occur for certain energies Ehkl, which are 
a function of the respective interplanar spacing, dhkl, and the fixed scattering angle, 
   [31]. The diffraction peaks were fitted with a Pseudo-Voigt profile and the phase 
fractions were determined by the direct comparison method [32]. Detailed 
descriptions of the procedures applied for peak fitting and quantitative phase analysis 
are reported in [28]. 
2.3 Transmission Kikuchi Diffraction 
Transmission Kikuchi Diffraction (TKD) was carried out on electro-polished thin 
foils in an FEI Nova NanoLab 600 scanning electron microscope. The Kikuchi 
patterns were acquired with a Bruker e-Flash EBSD detector, configured with a 
horizontal OPTIMUS TKD detector head. No tilt was applied to the sample. The 
working distance was 3 mm, the acceleration voltage 30 kV, the beam current 1.7 nA 
and the step-size in-between successive TKD patterns was 16 nm. The orientation 
data were cleaned and smoothed by a minimum grain-size criterion and a smoothing 
spline filter by using the texture analysis software MTEX [33].  
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3. Experimental Results 
3.1 Energy dispersive synchrotron X-ray diffraction 
The measured transformation curves in Figure 1a show that transformation occurs 
in the temperature range 570 °C to 925 °C. The initial fraction of retained austenite 
was about 5 ± 1 vol.% for all investigated conditions. A change in heating rate from 2 
to 18 K.min
-1 
led to a shift of the temperature of maximum transformation rate from 
640 to 670 °C. Upon further heating the transformation to austenite slowed down. For 
heating at 2 K.min
-1 
the deceleration smoothly developed into the second stage of 
austenitization. For heating at 6 and 18 K.min
-1
, the deceleration approached an 
actual interruption of the transformation and two steps can be discerned clearly. The 
minimum transformation rate for the heating rates 2, 6 and 18 K.min
-1
 are reached at 
763, 763 and 760 °C, respectively, at austenite fractions of 71, 74 and 76 vol. %, 
respectively. Further heating led to a new increase in the transformation rate, which 
again showed a shift to higher temperature of fastest transformation for faster 
heating; the maximum transformation rate is observed at 846, 866 and 925 °C for 2, 6 
and 18 K.min
-1
, respectively. The contribution of a thin oxide layer to the diffraction 
patterns was apparent above 900 °C for heating with 2 K.min
-1
 and excluded from 
phase quantification. 
Evidently, reversed austenite formation takes place in two-steps and the heating 
rate defines the maxima of the transformation rate. Supplementary measurements of 
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the transformation kinetics with dilatometry for heating rates 2-100 K.min
-1 
consistently yielded two-stage transformation kinetics [28].  
a) 
 
b) 
 
Figure 1: Fraction austenite over temperature for isochronal heating 
with 2, 6 and 18 K.min
-1
 a): followed in-situ with XRD. The maximum and 
minimum transformation rates are indicated by the broken lines and data 
points, respectively; b): modeled with kinetics modeling. The analyzed 
segments in Figure 4 for heating with 6 K.min
-1
 are marked with points (i) 
to (iv). 
3.2 Transmission Kikuchi diffraction 
The microstructure from a dilatometry experiment, in which isochronal heating at 
15 K.min-1 was interrupted at 650 °C, was characterized. The indicated inter-critical 
annealing treatment was chosen because it promoted the formation of 20 vol.% 
thermally stable reversed austenite and was thus ideal to determine a setup of a 
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diffusion model, that reflects the microstructure of the in-situ investigation. Figure 2a 
shows the inverse pole figure map of austenite superimposed to the band-contrast 
map of martensite. Figure 2b shows low-angle grain boundaries (LAGB, 1° <  < 
15°) and high-angle grain boundaries (HAGB,  > 15°) of lath martensite colored in 
green and red, respectively, and the interphase boundaries, which are all HAGBs, 
colored in white. Not all lath boundaries could be indexed by orientation mapping, 
since adjacent laths of the same variant in low carbon martensite may have very low 
misorientation [34–36] and thus fall below the misorientation threshold of 1°. The 
spacing of austenite lamellae approximately followed the martensite lath spacing and 
varied for different blocks of martensite, depending on the intersection angle of the 
specimen surface with the respective microstructure. By measuring the distance of 
the smallest identified regular austenite lamellae spacings in the different blocks the 
average lath width was approximated to 250 nm. 
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a) 
 
b) 
 
Figure 2: Transmission Kikuchi Diffraction (TKD). a): Inverse Pole Figure 
Map of austenite on band-contrast map of martensite for interrupted 
heating at 650 °C.  Austenite forms on lath boundaries; b): Grain boundary 
map. LAGBs  (1° <  < 15°) and HAGBs  ( > 15°) in martensite are 
indicated by green and red coloring, respectively, and inter-phase 
boundaries are colored in white.  
4. Kinetics modeling 
In order to elucidate the mechanism responsible for the observed two-step kinetics, 
the austenitization was modeled with DICTRA, a software package for simulation of 
diffusion controlled reactions in multi-component alloy systems [37]. In contrast to 
Kissinger-like methods, which require fitting to an Arrhenius type of transformation 
and yield effective activation energies for heterogeneous transformations [38], the 
analysis with kinetics modeling is carried out with direct forward modeling based on 
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constitutive equations and the thermodynamics and kinetics databases TCFE6 [39] 
and MOB2 [40]. Austenitization was modeled using the moving phase-boundary 
model within DICTRA.  
A comprehensive description on the foundation of the DICTRA software is given 
in Ref. [37]. A short summary of the governing equations is given in the following. 
Diffusion in DICTRA is modelled based on Fick’s second law 
 
   
  
 
 
  
      (1) 
where    is the concentration, and Jk the flux of component k. The flux of component 
k in a multi-component system with n components is determined by the spatial 
gradient of the chemical potential    of all components and the proportionality factors 
   
 , which are based on the mobilities of the individual species: 
         
  
   
  
 
   
 (2) 
It is noted that the    
  factors are purely kinetic quantities, whereas the chemical 
potential gradients are purely thermodynamic quantities. The basic data for 
computation of these parameters are obtained from experimental data and are stored 
in kinetics and thermodynamics databases, respectively. The composition dependence 
of the parameters is determined by a Redlich-Kister expansion [41].  
In the moving boundary model single-phase regions are separated by an interface, 
which migrates based on the rate of diffusion to and from the interface. For each time 
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step the boundary condition at the phase interface is calculated by assuming local 
equilibrium and the diffusion problem is solved for each single-phase region. 
Migration of the interface between two phases α and  is then calculated by solving a 
flux balance equation for n-1 components [42] 
        
    
 
    
    
 
 (3) 
where      is the interface velocity. 
4.1 Model setup 
Transmission Kikuchi Diffraction (Figure 2) showed that reversed austenite forms 
on both low- and high-angle boundaries, consistent with results from previous 
investigations [8,12–14,43,44]. Since the spacing of reversed austenite roughly 
follows the martensite lath spacing, austenitization was modelled by simulation of 
austenite formation and growth within one martensite lath. The model was thus setup 
as a 1-dimensional diffusion domain, d, which due to symmetry was defined as half 
the martensite lath width (Figure 3).  The domain was discretized to 100 grid-points 
and set up with zero-flux boundary conditions. In order to show the impact of the 
martensite lath spacing on the austenitization kinetics, the domain size was varied in 
a series of additional simulations. The simulation was carried out with a time step of 
50 ms and commenced in a ferrite single phase region, which served as the 
thermodynamic equivalent of very low carbon lath martensite. For the sake of 
understanding, the region is referred to as martensite in the analysis of the results. 
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Upon isochronal heating the formation of austenite in a planar interface geometry 
was allowed.  
Due to uncertainties of the local distribution of retained austenite in the 
microstructure, the initial fraction of retained austenite was not taken into 
consideration in the kinetics model, which only considers reversed austenite 
formation on lath boundaries. XRD quantitative phase analysis revealed 5 vol.% of 
retained austenite in the initial microstructure and EBSD analysis revealed that some 
of the retained austenite was present in inhomogeneously distributed chunky 
morphology [45]. Thus, the initial amount of chunky retained austenite was 
represented as a fixed value in the transformation curves (Figure 1b), and the 
remaining fraction was determined by the simulated formation of austenite from a 
martensite lath.  
The moving phase boundary model in DICTRA is based on the formation and 
evolution of a single grain of austenite and does not include a classic nucleation 
model. Other models, as the Thermo-Calc precipitation module [46], are available 
and well suited for analyzing nucleation and competitive growth, but do not treat the 
diffusion controlled evolution of two phases, which is the purpose of this 
investigation. DICTRA does however allow for input of a critical driving force for 
precipitation of austenite, which makes it possible to account for a nucleation barrier. 
Since the nucleation mechanism of reversed austenite has not been determined 
unequivocally by experimental means (see general discussion section), the model was 
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generally set up without considering such a nucleation barrier. For the sake of 
discussing the potential effect of a nucleation barrier on the kinetics of 
austenitization, additional simulations with nucleation barriers of 50 and 100 J.mol
-1
 
were carried out.  
An additional series of simulations was run with enhancement of the mobilities of 
Ni and Cr in bcc and fcc by a factor of 10. This was done in an attempt to identify the 
rate-determining mechanisms at different stages of the transformation in the multi-
component diffusion system.   
Simulations were performed for different heating rates to investigate whether the 
presented approach yielded results, which are consistent with the experimental data. 
The system was limited to Fe, Cr and Ni to increase numerical stability. 
 
Figure 3: Schematic hierarchy of lath martensite. Inset a shows the lath 
structure in a block and indicates the nucleation sites of lamellar austenite () at 
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lath boundaries. Inset b shows the symmetry of a single lath with the lath width 
lath and the resulting domain size d used in the one-dimensional kinetics model. 
4.2 Results and interpretation 
 Kinetics modeling predicted for all heating rates an effective start temperature of 
the transformation, i.e. a temperature at which the transformation rate is discernable 
within the range of experimental measurement accuracy, at approx. 575 °C (Figure 
1b). This is in close agreement with the results obtained from XRD (Figure 1a). On 
continued heating the transformation curves were offset by approx. 45 °C as 
compared to the experimental data. The model consistently predicts a shift in 
maximum transformation rate to higher temperature and an increase in the 
temperature where deceleration in the first stage occurs. Moreover, the extent of the 
deceleration of austenitization and the completion of the second stage of 
austenitization are predicted consistently with the trends observed in the experimental 
data.   
Four distinct segments could be identified in the predicted martensite-to-
austenite transformation curves. Those segments are (i) Nucleation, (ii) Maximum 
growth rate in stage 1, (iii) Deceleration, and (iv) Onset of growth in stage 2, which 
are indicated by four points in Figure 1b. In order to analyze the governing 
mechanisms for these characteristic segments in the kinetics of the transformation, 
the diffusion profiles of Cr and Ni were analyzed for heating with 6 K.min
-1
, 
representing all heating rates, at the corresponding temperatures (Figure 4). A 
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simulation of the evolution of the composition profiles with time is available as 
supplementary material (Video 1, Video 2 and Video 3 show austenitization at 2, 6 
and 18 K.min
-1
, respectively). Evidently, the experimentally determined two-stage 
austenitization could be reproduced by the kinetics model, thus analysis of the four 
characteristic segments can be used to explain the governing mechanisms involved. 
(i) Nucleation and initial growth 
Diffusion profile (i) shows austenite growing from the left-hand side of the 
diffusion domain immediately after nucleation (Figure 4). The segment appears at 
approx. 623, 635 and 647 °C for heating with 2, 6,
 
and 18 K.min
-1
 (Figure 1b). 
According to the model, considerable partitioning of Ni and some depletion in Cr 
occurs at the nucleation and initial growth stage of austenite at these temperatures.  
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Figure 4: Ni and Cr content vs. distance d as indicated in Figure 3 for 
heating with 6 K.min
-1
 for the four distinct segments of transformation 
indicated by the points in Figure 1b. Austenite grows from the left-hand 
side of the domain and the austenite/martensite interface is represented 
by the discontinuity in the profiles (i.e. vertical lines). 
(ii) Growth in stage 1 
Diffusion profile (ii) shows the Ni and Cr content at the maximum rate of 
transformation in the first stage of austenitization (Figure 4). The segment appears at 
695, 711 and 726 °C for the heating rates 2, 6, and 18 K.min
-1
 (Figure 1b). Martensite 
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is locally depleted in Ni at the interface, but provides excess Ni from the bulk to 
maintain the transformation. The transformation is at its maximum rate, enabled by 
increasing driving force for formation of austenite and increasing diffusivities with 
increasing temperature. The predicted transformation rates in this segment are in 
good agreement with the measured transformation rates (Figure 1). The 
austenitization kinetics under individual enhancement of the mobilities of Ni and Cr 
in fcc and bcc by a factor of 10 for heating with 6 K.min
-1
 is shown in Figure 5. In 
particular a change in the mobility of Ni in bcc affects the kinetics (and the 
deceleration) in the first stage of austenitization, while the other mobilities appear to 
have a minor or negligible influence in this stage. These effects support the 
interpretation that Ni diffusion in bcc is rate determining in the first stage of 
austenitization. 
 
Figure 5: Kinetics modeling of austenitization with 6 K.min
-1 
showing the 
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effect of individually enhancing the mobility for Ni and Cr in fcc and bcc by 
the factor 10; diffusion of Ni in bcc and Ni in fcc have the strongest effect on 
the kinetics in stage 1 and 2, respectively. 
(iii) Deceleration of the transformation kinetics 
 Diffusion profile (iii) shows the contents of Ni and Cr, at which deceleration of 
the transformation occurs. This segment appears at 713, 725, and 736 °C for the 
heating rates 2, 6, and 18 K.min
-1
, respectively (Figure 1b). It is evident that the 
transformation is halted because impingement of the diffusion field with the model 
boundary causes the gradients in Ni and Cr content in martensite virtually to vanish. 
In the actual microstructure this mechanism corresponds to the situation in which the 
diffusion field of the simulated austenite particle starts to overlap with the diffusion 
field of the adjacent austenite particle (see inset b in Figure 3). Then, continued 
growth of the austenite phase fraction is mainly achieved by a change of Ni profile in 
austenite close to the interface with martensite, while some redistribution of Ni in fcc 
commences (compare profiles (iii) and (iv) in Figure 4). Soft impingement in 
martensite occurred at higher phase fractions for higher heating rates (Figure 1b). The 
predictions of the phase fractions and temperatures where soft impingement occurs 
are in fair agreement with the onsets of the plateaus of the experimental 
transformation curves (Figure 1a). 
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(iv)  Growth in stage 2 
 Diffusion profile (iv) corresponds to the Ni and Cr distribution at the onset of the 
second stage of austenitization (Figure 4). The segment appears at approx. 770, 785 
and 821 °C for the heating rates 2, 6, and 18 K.min
-1
 (Figure 1b). The strong increase 
in the gradient in the Ni content in austenite close to the interface with martensite on 
proceeding from (iii) to (iv),  establishes a larger driving force for Ni-diffusion and, 
hence, Ni-redistribution in austenite. As the content of Cr in fcc changes only 
slightly, diffusion of Ni in fcc austenite appears to be rate-determining for the second 
stage of austenitization. The austenitization kinetics under individual enhancement of 
the mobilities in Figure 5 confirms that in particular a change of the mobility of Ni in 
fcc affects the duration of the deceleration and the kinetics in the second stage of 
austenitization.  This is consistent with Ni diffusion in fcc as rate-determining for the 
overall kinetics in stage 2 of the austenitization. 
Effect of domain size and nucleation barrier 
Figure 6a shows the predicted austenitization by the kinetics model for heating 
with 6 K.min
-1
 considering domain sizes of 75, 125 and 175 nm, corresponding to 
lath widths of 150, 250 and 350 nm, respectively. By altering the lath width, the 
diffusion distance until soft impingement is directly affected (inset b in Figure 3). 
Comparison of Figure 6a with Figure 1b demonstrates that an increase in domain size 
corresponds to decreasing the heating rate, i.e. increasing the diffusion time.  
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Figure 6b compares austenitization with 6 K.min
-1
 without nucleation barrier with 
austenitization considering nucleation barriers of 50 and 100 J.mol
-1
. It is evident that 
inclusion of the barriers led to superheating of 19 and 45 °C, respectively, before 
nucleation occurred. The spikes in the transformation curves are a numerical artefact, 
caused by fluctuations in determining the starting value for the interface position and 
velocity in DICTRA. The fraction of austenite is initially insignificantly higher for 
transformations with nucleation barrier, but levels with the transformation without 
nucleation barrier after heating of approx. 100 °C (see inset in Figure 6b).  
a) 
 
b) 
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Figure 6a): Prediction of austenitization with 6 K.min
-1
 by kinetics 
modeling with different domain sizes, i.e. considering different 
martensite lath widths; Figure 6b): Simulation of austenitization with 6 
K.min
-1
 with nucleation barriers of 50 and 100 J.mol
-1
 compared to 
simulation without nucleation barrier. The data points indicate 
nucleation and the broken lines discontinuities from a numerical 
artefact. The effect of the nucleation barrier is only apparent from the 
magnification displayed in the inset. 
5. General discussion 
5.1 Governing mechanisms 
The rate-determining mechanism for the first stage of austenitization was identified 
as diffusion of Ni in bcc. This result is in line with the interpretation by Bojack et al., 
who suggested that the first stage of austenite formation would mainly be due to 
partitioning of Ni and Mn, leaving martensite partially untransformed [22]. 
Bojack et al. suggested that the second stage of transformation would be governed 
by increased diffusivity of Ni and Mn at higher temperatures together with the 
decomposition of carbides and nitrides [22]. The current investigation strongly 
indicates that diffusion of Ni in fcc after soft impingement in martensite governs the 
kinetics of the transformation in the second stage. Since the interstitial element 
content in the present alloy is very low (cf. Table 1), the dissolution of carbides and 
nitrides is expected to play a negligible role in the transformation. 
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5.2 Quantitative fit of experimental and modeled data 
Evidently, the model succeeds in yielding a good qualitative fit to the 
experimentally assessed austenitization kinetics and in identifying the governing 
mechanisms. Quantitatively the model gives a reasonable fit, but predicts the initial 
growth stage to occur at higher temperatures and the soft impingement at higher 
phase fractions. These deviations are ascribed to simplifications in the model, which 
are intentional as not to obscure the effects of the main mechanisms involved in the 
transformation. The following additions are expected to provide a further 
improvement of the accuracy of the model predictions: 
- It is still unclear whether austenite nucleates or, rather, grows from thin layers 
of inter-lath retained austenite. The dispute revolves around the austenite 
memory effect, which describes the inheritance of the orientation of reversed 
austenite from prior austenite grains. The orientation inheritance could indicate 
a variant selection mechanism [12] or growth from inter-lath retained austenite 
[13,47]. In the prior case, grain-boundaries are potentially decorated by solute 
from grain boundary segregation prior to the nucleation of austenite  [48]. In the 
latter case, substantial diffusion towards retained austenite could activate the 
growth. Regardless of the actual mechanism it is expected that an enrichment in 
solute would enable premature formation of reversed austenite.  
- It is anticipated that the driving force for the nucleation of austenite is increased 
by the release of residual stresses from metastable lath martensite [49].  
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- A high dislocation density in lath martensite is likely to enable pipe diffusion 
and could thus lead to a lower activation energy of the atom mobilities. This 
would lead to faster diffusion kinetics at the onset of the transformation, and a 
decay of the pipe diffusion contribution with annihilation of dislocations at 
higher temperature [50]. Preliminary attempts on including the effect of a 
temperature dependent dislocation density on the mobility data in the kinetics 
model, using dislocation density data from Ref. [50] and the grain-boundary 
model in DICTRA, indeed led to an improved correspondence between 
simulated and experimental results. However, for the present system reliable 
input data on the evolution of the dislocation density with temperature is 
currently lacking and demands more experimental work. A first idea of how the 
contribution of the dislocation density would affect the austenitization kinetics 
can be obtained from the graphs on enhanced mobility in bcc in Figure 5.  
All of these omissions, when implemented, would increase the initial growth rate 
of austenite, increase the partitioning and thus lead to soft impingement at lower 
phase fractions, thus accounting for the overestimation of the phase fraction where 
soft impingement occurs in the simulations in Fig. 1b.  
5.3 Effect of heating rate, domain size and nucleation barrier 
The four described segments, which govern the austenitization kinetics, were 
identified for all analyzed heating rates, even for heating at 100 K.min
-1
. The effect of 
changing the domain size on the transformation kinetics correlated with the effect of 
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changing the heating rate (Figure 6a). Generally, the transformation kinetics 
depended on the ratio of available diffusion time and diffusion distance.  
It was evident that the nucleation barrier did not affect the overall two-step kinetics 
strongly. Figure 6b shows that transformation with nucleation barrier leads to an 
increased fraction of austenite compared to the transformation without barrier just 
after nucleation, and that this divergence fades away on continued heating. This 
might seem counterintuitive, but is caused by less partitioning during formation of 
austenite at slightly more elevated temperatures. Thus, more austenite can be formed 
instantly at nucleation. Since the concentration gradient in austenite during heating is 
subject to homogenization, this marginal initial difference disappears upon further 
heating. Ultimately the time and temperature interval spent from nucleation to 
diffusion-controlled growth for the two-step kinetics is sufficiently large that the 
overall kinetics are not strongly affected by the nucleation mechanism. 
6. Conclusions 
The conclusions of the in-situ observation of two-stage austenitization and the 
modeling of austenitization with the kinetics model DICTRA are: 
- Austenitization of X4CrNiMo16-5-1 super martensitic stainless steel during 
isochronal heating at 2 – 18 K.min-1 occurs in two stages. 
- Two-stage austenitization kinetics are predicted from kinetics modeling of 
multi-component diffusion in DICTRA based on the transformation of a single 
martensite lath to austenite and nucleation without nucleation barrier. 
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- The mechanism for the deceleration of the transformation after the first stage is 
identified as soft impingement in the martensite phase. 
- Ni-diffusion in the bcc lattice is rate-determining for the first stage of 
austenitization, where Ni diffuses from martensite towards the phase-interface. 
- Ni-diffusion in the fcc lattice is rate-determining for the second stage of 
austenitization, where austenite, which is heavily enriched in Ni due to 
partitioning in the initial growth stage, is required to homogenize in order to 
supply solute to the phase-interface. This requires the build-up of a 
concentration gradient. 
- The martensite lath width, corresponding to two times the diffusion distance in 
the model, has a similar effect on the austenitization kinetics as the heating rate.  
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Figure captions 
Figure 1: Fraction austenite over temperature for isochronal heating with 2, 6 and 18 
K.min
-1
 a): followed in-situ with XRD. The maximum and minimum transformation 
rates are indicated by the broken lines and data points, respectively; b): modeled with 
kinetics modeling. The analyzed segments in Figure 4 for heating with 6 K.min
-1
 are 
marked with points (i) to (iv). 
 
Figure 2: Transmission Kikuchi Diffraction (TKD); a): Inverse Pole Figure Map of 
austenite on band-contrast map of martensite for interrupted heating at 650 °C.  
Austenite forms on lath boundaries; b): Grain boundary map. LAGBs  (1° <  < 15°) 
and HAGBs  ( > 15°) in martensite are indicated by green and red coloring, 
respectively, and inter-phase boundaries are colored in white. 
 
Figure 3: Schematic hierarchy of lath martensite. Inset a shows the lath structure in a 
block and indicates the nucleation sites of lamellar austenite () at lath boundaries. 
Inset b shows the symmetry of a single lath with the lath width lath and the resulting 
domain size d used in the one-dimensional kinetics model. 
 
Figure 4: Ni and Cr content vs. distance d as indicated in Figure 3 for heating with 6 
K.min-1 for the four distinct segments of transformation indicated by the points in 
Figure 1b. Austenite grows from the left-hand side of the domain and the 
austenite/martensite interface is represented by the discontinuity in the profiles (i.e. 
vertical lines). 
 
Figure 5: Kinetics modeling of austenitization with 6 K.min-1 showing the effect of 
individually enhancing the mobility for Ni and Cr in fcc and bcc by the factor 10; 
diffusion of Ni in bcc and Ni in fcc have the strongest effect on the kinetics in stage 1 
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and 2, respectively. 
 
Figure 6a): Prediction of austenitization with 6 K.min
-1
 by kinetics modeling with 
different domain sizes, i.e. considering different martensite lath widths; Figure 6b): 
Simulation of austenitization with 6 K.min
-1
 with nucleation barriers of 50 and 100 
J.mol-1 compared to simulation without nucleation barrier. The data points indicate 
nucleation and the broken lines discontinuities from a numerical artefact. The effect 
of the nucleation barrier is only apparent from the magnification displayed in the 
inset. 
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Tables 
Table 1- Chemical composition of the investigated X4CrNiMo16-5-1 
SMSS determined with Optical emission spectroscopy balanced with 
Fe (wt %) 
Fe C N Cr Ni Mo Mn Si P S 
bal. 0.03 0.037 15.00 5.80 1.03 0.86 0.39 0.025 0.008 
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Highlights 
1. The in situ measured two-stage austenitization kinetics in X4CrNiMo16-5-1 
supermartensitic stainless steel can be predicted by using kinetics modeling. 
2. The rate of the first stage of austenitization is determined by Ni-diffusion in the 
body-centered-cubic martensite lattice. 
3. The rate of the second stage of austenitization is determined by Ni-diffusion in 
the face-centered-cubic austenite lattice. 
ACCEPTED MANUSCRIPT
